The mechanism by which a single mutant cell clonally expands is usually assumed to involve an additional mutation in a cell cycle regulatory gene. An alternative mechanism for driving clonal expansion is apoptosis, which might create vacant stem cell compartments that can be repopulated by mutant cells. This model predicts that in a mouse with reduced apoptotic capacity (i) more mutated cells will appear initially but (ii) these cells will expand into clones more slowly than in wild-type animals. To test this hypothesis for ultraviolet B (UVB)-induced skin carcinogenesis, we examined UVB-induced p53 mutant clones and tumors in a transgenic (Tg) mouse (K14-Survivin) with skin-specific expression of the apoptosis inhibitor Survivin. To limit the effects of Survivin on apoptosis, without affecting epidermal proliferation or differentiation, we used Survivin expression levels and UVB doses that resulted in a 2-fold reduction in keratinocyte apoptosis. After 5 weeks of chronic UVB irradiation, newly created p53 mutant keratinocyte clones (indicative of initial mutation frequency) were 1.4-fold more frequent in K14-Survivin mice (P ¼ 4 Â 10 À6 ). As predicted, this effect was reversed for clones growing by clonal expansion, which were rarer in Tg skin by 1.7-fold (P ¼ 0.047). At 10 weeks large expanding Tg clones were rarer by a magnitude approaching the apoptosis differential (~2-fold, P ¼ 4 Â 10 À5 ). Survivin expression also retarded clonal expansion at later stages of tumor development. By 20 weeks 95% of animals carried tumors
Introduction
Apoptosis is conventionally viewed as a mechanism of cancer defense. It acts by opposing the first of two steps by which mutant cells emerge during tumor development-creation of a single mutant cell and expansion of this cell into a clone. In tissues exposed to chemical or physical carcinogens, apoptotic cell death removes cells with DNA damage that might have led to point mutations or chromosomal abnormalities (1--3) . Once mutations arise, apoptosis also removes tumorigenic cells that are aberrantly proliferating due to overexpressed c-Myc or defective Rb (4) . Tumors can evade apoptosis by acquiring suppressive mutations in oncogenes such as Ras or inactivating mutations in proapoptotic genes such as p53 (4) or by expressing inhibitor of apoptosis (IAP) proteins such as Survivin (5) . When such suppression is removed, some tumors regress (6) . Yet, once an apoptosis-resistant mutant has arisen, protective apoptosis could backfire by enhancing the clonal expansion step. Apoptosis will preferentially delete cells that retain normal apoptosis sensitivity while sparing apoptosis-resistant mutants, thereby acting as a selection pressure favoring clonal expansion of mutant cells (1, 7) . In this way, tumor generation could actually be increased by apoptosis if greater clonal expansion offsets the reduced mutation frequency.
Non-melanoma skin cancers, such as squamous cell carcinoma (SCC), are the most common of human cancers and are caused primarily by chronic exposure to ultraviolet radiation in the 290--320 nm range (UVB) (8) . The sequence of carcinogenic events includes UVB-induced p53 mutation, formation and expansion of p53 mutant clones, creation of precancers and malignant conversion of precancers to carcinoma in situ and SCC (1, 8) . It is known that UVB-induced epidermal apoptosis minimizes the accumulation of mutant epidermal keratinocytes (2,3) and involves p53 (1). Sunlight-induced p53 mutations occur homogeneously throughout both cancers and precancers (1,9--11) and are frequent in normal sun-exposed skin (1, 12) , suggesting that mutations arise early and apoptosis may be a critical determinant of early events in skin cancer. Clones of p53 mutant keratinocytes are largest in UV-exposed skin (13, 14) and provide a molecular indicator to correlate tumor development with formation or expansion of premalignant clones. Similar clones arise in chronically UVB-irradiated murine skin and are tightly correlated with subsequent development of papillomas and carcinomas (15) . If apoptosis reduces survival of mutant cells yet drives clonal expansion in this system, one might predict that suppression of apoptosis would increase the number of UVB-induced p53 mutant clones but these clones would be constrained by their surviving normal neighbors and thus not attain their usual size. Such a scenario could result in a paradoxical reduction in tumor formation, which relies heavily on clonal expansion.
We therefore sought to manipulate epidermal apoptosis without compromising the in vivo pathophysiology of the events involved. Dissecting long-term physiological events requires care because small changes can have large cumulative effects and many proteins have pleiotropic effects or back-up pathways. As an example of the first, a mere 5% difference in the rate of cell death over proliferation can determine whether a skin tumor regresses or grows (16) . Yet, because most apoptotic pathways are highly buffered by interconnection and overlap, profound changes typically require disruptive and embryonic-lethal manipulations such as inactivating both Jnk1 and Jnk2 (17) or Bax and Bak (18). Here we have employed a transgenic mouse with epidermis-specific expression of Survivin that exhibits a 2-fold reduction in UVBinduced keratinocyte apoptosis. This reduced susceptibility to apoptosis is similar to the apoptosis differential created by a p53 þ/À mutation (1) and does not disturb epidermal proliferation or differentiation. We then examined the consequences of this 2-fold apoptotic differential for formation of UVBinduced p53 mutant clones, clonal expansion, creation and growth of papillomas and conversion to SCC. We find that apoptosis inhibition resulting from Survivin expression exerts two opposing activities in skin carcinogenesis: enhancing mutant clone creation and malignant progression, but restricting clone expansion.
Materials and methods

Mice
Generation of keratin-14 (K14)-Survivin transgenic (Tg) mice is described elsewhere (19) . Animals on a hairless background were derived from fourth or fifth generation backcrosses of K14-Survivin mice with SKH1 hairless mice (Charles River Laboratories, Wilmington, MA). All littermates were genotyped for the presence of the Survivin transgene by PCR as described (19) and used at 7--9 weeks of age. Animal procedures were approved by the Institutional Animal Care and Use Committees at the University of Utah and Yale University.
UVB-induced sunburn cells
The UVB irradiation chamber contained a bank of four UVB lamps (FS20T12-UVB; National Biological Corp., Twinsburg, OH) that emit wavelengths between 250 and 420 nm (72.6% UVB, 27.4% UVA, 0.01% UVC), with peak emission at 313 nm, according to the manufacturer. A filter (Kodacel TA422; Eastman Kodak, Rochester, NY) was placed over the cages to block residual UVC. Dosimetry was determined using a calibrated UVB-500C meter (National Biological Corp.). The irradiation rate was~2 J/m 2 /s. Mice were exposed unrestrained to a single dose of UVB and 24 h later dorsal skin was harvested and sunburn cells were visualized in situ and quantitated as described previously (19) .
UVB carcinogenesis
Mice were UVB irradiated unrestrained three times weekly (Monday, Wednesday and Friday) for 20 weeks using a modified regimen from that (20) described previously. Individual treatment doses began at~700 J/m 2 the first week and were increased by 25% each week until a maximum dose of 2100 J/m 2 was attained. This gradual increase in exposure produced minimal erythema and was not associated with scaling or ulceration. Tumor number and size (diameter) were documented weekly. The large number of tumors produced on many of the animals precluded reliable assessment of growth or regression of individual tumors.
Histological analysis of normal mouse skin Mouse dorsal skin was excised and stained with hematoxylin and eosin as described previously (19) . For assessment of proliferating cells in situ, mice were injected i.p. with 50 mg/kg bromodeoxyuridine (BrdU) (Sigma Chemical Co., St Louis, MO) in phosphate-buffered saline and skin was harvested 2 h later. Staining for BrdU was performed using a kit (Zymed Laboratories, San Francisco, CA) as described previously (19) .
Histological analysis of tumors
Tumors were excised, fixed, paraffin embedded and stained with hematoxylin and eosin as described previously (21) . All slides were reviewed twice in blind fashion by a dermatopathologist (S.R.F.) and assessed for tumor architecture, keratinocyte differentiation, cytololgical atypia and inflammation. Tumors were classified as SCC, atypical papillomas or typical papillomas based on architecture and cytological atypia as described previously (21) . Some UVBinduced tumors on the face proved to be abscesses and these were not included in the final tumor analysis. Tumors 52 mm in diameter proved too small for reliable histological analysis and were assumed to be papillomas.
Tumors with sufficient residual tissue remaining in the paraffin block were subjected to further analysis. Five micrometer sections were cut and the slides processed as described previously (21) . Mitotic index was assessed using antiproliferating cell nuclear antigen (PCNA) antibody (0.5 mg/ml; BD Transduction Laboratories, Palo Alto, CA) and a HistoMouse AEC kit (Zymed Laboratories) as described previously (22) . Apoptotic index was assessed by TUNEL staining using the ApopTag kit (Intergen, Purchase, NY) as described previously (22) . Survivin expression was confirmed by in situ hybridization using a mouse Survivin riboprobe (23).
p53 mutant clone detection K14-Survivin mice and non-Tg littermates were treated with escalating doses of UVB three times weekly as above for a total of 5, 7, 10 or 13 weeks. These experiments used a similar UVB source (24) . Three days after the last irradiation (sufficient time for wild-type P53 up-regulated by UVB to return to baseline levels), epidermal sheets were prepared from multiple strips of dorsal skin as described (24) . Most p53 mutations increase P53 protein stability and allow antibody detection (13, 24) . Clones of p53 mutant keratinocytes were detected by immunohistochemistry using NCL-p53-CM5p antibody (Vector Laboratories, Burlingame, CA) (24) .
Statistics
For sunburn cell and tumor formation, data derived from multiple animals was subjected to survival analysis and unpaired t-tests with Welch's correction using Prism (Graphpad, San Diego, CA). Analysis of p53 mutant clones was performed using StatXact 5.0.3. software (StatXact, Cambridge, MA). For analyses of fractional clone size distribution between groups of mice, a Pearson's x 2 test was applied. For analyses of differences in clone density within predetermined size ranges (bins), the assumption was made that the random observed number of clones of a given size should follow a Poisson distribution, with mean proportional to the total area. P values of 0.05 were considered statistically significant.
Results
Survivin expression affects keratinocyte apoptosis but not proliferation or differentiation
To investigate the potential role of Survivin and apoptosis in UVB-induced skin cancer, we placed the K14-Survivin transgene (19) on a SKH1-hairless background, shown previously to be susceptible to UVB-induced cutaneous carcinogenesis (20) . To confirm transgene function, mice were exposed to single doses of UVB and after 24 h the skin was excised and examined histologically for the presence of apoptotic keratinocytes (sunburn cells). Compared with non-Tg littermates, K14-Survivin mice were 2-to 5-fold (P 5 0.01, 0.05) more resistant to UVB-induced sunburn cell formation depending on dose ( Figure 1a ). The Tg skin (in the absence of UVB) did not demonstrate epidermal hyperplasia, hyperkeratosis or any other histological variation compared with non-Tg skin (Figure 1b) , suggesting that keratinocyte differentiation and proliferation were not affected. The lack of effect on basal proliferation was directly confirmed by BrdU incorporation, which was comparable in Tg and non-Tg epidermis ( Figure 1c ). Thus modest levels of constitutive Survivin expression (19) confers an anti-apoptotic phenotype in keratinocytes without affecting epidermal differentiation or proliferation.
Effect of Survivin expression on p53 mutant clones
To investigate early events prior to tumor formation, we examined the induction and expansion of p53 mutant clones in UVB-irradiated animals. K14-Survivin and non-Tg littermates were exposed to UVB for 5, 7, 10 and 13 weeks using a previously described escalating dose schedule that ultimately leads to tumors (20) . These exposures mainly lie in the dose range at which a 2-fold differential in apoptosis was observed.
Clones were visualized by immunohistochemistry using an antibody to P53 protein (Figure 2a and b) and the number of cells constituting each clone was recorded. Clone number was normalized for total skin area. At 5 weeks total clone density was mildly increased (15.2 versus 13.3 clones/cm 2 ; P ¼ 0.032) in K14-Survivin mice compared with non-Tg littermates (Table I) . By 7 weeks increased clone density was more apparent and highly significant (46.0 versus 31.1 clones/cm 2 ; P510 À8 ) in Tg mice (Table I) . This difference in mutation induction likely reflects the anti-mutagenic effect of apoptosis.
We categorized the clone data by sorting clones into bins based on multiples of the previously determined size of murine epidermal stem cell compartments (~16 cells) (24, 25) . As shown in Figure 3a , most of the clones at 5 weeks were small, with 60--80% falling into one of the first three size bins, and less than 10% of clones were large. Application of Pearson's x 2 test revealed a highly significant difference (P ¼ 4 Â 10 À5 ) in the fractional size distribution of Survivin Tg compared with non-Tg skin. We next tested whether the differences in the density of clones within each bin was statistically significant. The assumption was made that the random observed number of clones of a given size should follow a Poisson distribution, with mean proportional to the total area. At 5 weeks very small p53 mutant keratinocyte clones (1--16 cells, 1 stem cell compartment), which reflect initial mutation frequency, were 1.4-fold more frequent (P ¼ 4 Â 10 À6 ) in Survivin Tg mice (Figure 3a ). This experiment was repeated, with similar results (not shown). At 7 weeks the ratio of Tg to non-Tg small clone densities was 1.6-fold and highly significant (P 5 10 À8 ) (Figure 3b ). Survivin expression thus promotes the creation of new mutant clones.
The effect of Survivin expression was quite different for larger clones, which was most evident at 10 and 13 weeks. Although the small size bins at 10 and 13 weeks still contained a greater fraction of Tg compared with non-Tg clones, this ratio was reversed in larger bins representing existing clones growing by clonal expansion. Intermediate and large clones (2--10 stem cell compartments) in Tg skin were 1.7-fold rarer at 10 weeks (Figure 4a ) and 1.4-fold rarer at 13 weeks (Figure 4b ). These differences were highly significant (Figure 4a and b) . By 13 weeks some clones had reached over 2000 cells in size (4125 stem cell compartments) and these were 1.5-fold rarer (P ¼ 0.019) in Survivin Tg mice (Figure 4b ). These results indicate that Survivin expression enhances the formation of small clones, whereas clonal expansion (the tendency of small clones to become large clones) is impaired in apoptosis-defective K14-Survivin mice. At these later time points newly created clones are outnumbered by accumulating growing clones and the increased capacity for new clone formation in Tg skin makes a smaller contribution to the total clone density (Table I) .
UVB-induced tumor formation and progression K14-Survivin mice and non-Tg littermates were also examined for tumor induction in response to chronic UVB irradiation. UVB was administered using the same escalating regimen (20) and continued for 20 weeks. Treated mice were examined weekly for tumor formation and total tumor number and size were recorded. The large number of tumors forming on some animals (39 tumors in one case) precluded reliable tracking of growth or regression of individual tumors. Twenty weeks of treatment was sufficient to induce tumors in 95% of animals and served as the experimental end-point. All tumors arose on dorsal skin that had been exposed to UVB and untreated animals did not spontaneously develop tumors.
Tumor burden was reduced 1.5-fold (P ¼ 0.03) in K14-Survivin mice, which formed 222 tumors with a mean of 5.97 tumors/animal, compared with non-Tg mice which formed 328 tumors with a mean of 8.71 tumors/animal (Table II ). An increase in tumors would have been expected if the major effect of Survivin-mediated inhibition of apoptosis was to increase survival of precancerous cells. In contrast, twice as many tumors in Survivin Tg animals attained large size (!3 mm) (7.7 versus 4.0%; P ¼ 0.048) ( Table II) . As shown in Figure 5a , the median time to UVB-induced tumor formation was slightly less in K14-Survivin mice compared Clonal expansion in K14-Survivin mice with non-Tg littermates (16 versus 17 weeks), although this difference was not statistically significant (P ¼ 0.18).
Tumors 52 mm in size were assumed to be papillomas, while the remaining tumors were subjected to histological examination and classified as typical papillomas, atypical papillomas, SCC in situ or with focal invasion or frankly invasive SCC as described previously (21) . Representative examples of the clinical and histological spectrum of UVBinduced tumors are depicted in Figure 2 . The majority of tumors (490%) in both K14-Survivin and non-Tg animals were papillomas, with similar percentages of typical and atypical papillomas in each group (Figure 5b) . Notably, however, the rate of SCC conversion (from papillomas) in K14-Survivin mice was almost twice that (5.4 versus 3.0%) observed in non-Tg littermates (Table II) , although the small number of lesions reaching this stage resulted in borderline statistical significance (P ¼ 0.11). Most of the SCC found in both groups were carcinoma in situ or demonstrated only focal invasion ( Figure 5b ) and were not further classified with respect to grade of differentiation. Finally, a few animals in each group developed large yellow subcutaneous masses that proved to be epidermoid cysts (Figure 2f ). Some tumors were not associated with inflammation, while others were characterized by a dense inflammatory infiltrate, but generally there were no trends noted between tumors in the two groups with respect to host inflammatory response (not shown). Thus, although Survivin expression was associated with decreased papilloma formation, there was an enhanced rate of malignant conversion from papilloma to SCC in Tg animals.
A subset of UVB-induced tumors were also analyzed for Survivin expression and for markers of proliferation and apoptosis. Survivin expression was detected in situ (Figure 2g ) in 100% of tumors examined from both K14-Survivin mice (2 of 2 SCC and 5 of 5 atypical/typical papillomas) and non-Tg mice (2 of 2 SCC and 7 of 7 atypical/typical papillomas). There was no consistent pattern related to tumor subtype or mouse genotype. Mitotic index in representative tumors from both groups of mice was determined by PCNA staining. As shown in Figure 5c , all tumor types from K14-Survivin mice were associated with higher rates of proliferation, although the difference was significant (P ¼ 0.04) only for the atypical papillomas. Apoptotic index was determined in representative tumors (6 SCC and 7 atypical/typical papillomas) from each group of mice by TUNEL staining. Sections revealed only 0--2 TUNEL-positive cells, with no apparent differences in spontaneous apoptosis between tumor subtypes or mouse genotypes (not shown).
Discussion
Opposing effects of apoptosis on tumor development Despite the widespread supposition that apoptosis is antitumorigenic, direct tests of the role of apoptosis in skin tumor models have given paradoxical results. In our previous studies on chemical carcinogenesis in K14-Survivin mice the transgene exerted opposing effects on tumor formation and progression (21) . A similar paradox has been reported in mice transgenic for bcl-2 (26) or defective in p53 (27, 28) . Although the tumor-initiating event in chemical carcinogenesis is known, namely the induction of Ha-Ras mutant keratinocytes (29) , other early events in this pathway are a 'black box', since tumor precursors cannot be visualized. In contrast, detection of p53 mutant clones provides a window on the early steps in UVB carcinogenesis.
Survivin, like other IAP proteins and indeed many cellular proteins, can have multiple effects on cellular physiology (5). We sought to limit the study to apoptotic roles by using moderate overexpression of Survivin. Use of the Survivin Tg mouse allowed us to study the effects of manipulating apoptosis in keratinocytes without the major known confounding effects, on cell proliferation or differentiation, although it is always possible that additional cellular functions of Survivin will be discovered. Mean tumor size in mm. SEM in parentheses. The P value is two-sided. The P values for percent tumors is one-sided.
Clonal expansion in K14-Survivin mice
Evidence suggests that Survivin and P53 represent opposing signals acting on a common apoptosis pathway. Although certain IAP molecules function by binding to caspases and blocking their proteolytic activity (30) , and interactions of Survivin with caspase-9 have been demonstrated (31, 32) , recent studies suggest that Survivin mediates its anti-apoptotic activity by restraining mitochondrial events (33, 34) . In contrast, P53 promotes the mitochondrial apoptotic pathway through up-regulation of the caspase-9 cofactor Apaf-1 (35, 36) and may counteract Survivin by silencing its transcription (37, 38) . We previously demonstrated that apoptosis resistance in K14-Survivin mice was further enhanced when the transgene was placed on a p53 þ/À background (19); this differential makes feasible the present studies of p53 þ/À cells present in a field of cells with constitutive Survivin expression.
The early stage of clonal growth can be divided into two phases: UVB-induced p53 mutant clone formation, in which the first mutant cell is created and proliferates to fill its stem cell compartment; clonal expansion, in which the mutant cells extend beyond the borders of their original stem cell compartment. We were able to discern differential control of these early phases by Survivin and gain insight into the role of apoptosis at each step in the UVB carcinogenesis pathway.
Mutational steps: tumor initiation and malignant progression
The absence of Survivin in normal skin and its presence in actinic keratoses (23, 39) suggest that constitutive Survivin expression promotes early steps in the generation of UVBinduced skin tumors. Survivin expression did enhance tumor initiation, as reflected by increased numbers of p53 mutant clones. This association was most significant for formation of very small (1--16 cell) clones at 5 and 7 weeks of UVB exposure. These clones reflect creation of the mutant cell and its limited proliferation within a stem cell compartment ( Figure 6, panel 1) . This difference in mutation induction is expected from the anti-mutagenic effect of apoptosis, which has been shown by others to reduce mutations by several fold at early times after UVB irradiation (2, 40) . The ability of Survivin to block apoptosis of DNA-damaged keratinocytes would similarly lead to an increase in cells mutated in other genes. Thereafter, apoptosis inhibition and the potential activity of Survivin as a promoter of cell cycle progression (41) would promote both survival and mitosis of the newly generated mutants.
Although fewer total tumors were induced in K14-Survivin mice, due to the reduction in their papilloma precursors, tumor progression, as evidenced by the fraction of large tumors, was increased. This suggests that the barrier to clonal expansion imposed by apoptosis inhibition reduced tumor formation, but once tumors had formed reducing apoptosis in adjacent keratinocytes did not have a significant impact on tumor growth for most tumors. This may also be reflected in the lack of difference between Tg and non-Tg mice in onset of first tumor formation. Only a fraction of these tumors attained large size and there was a greater proportion of these in the Tg mice, perhaps reflecting the effect of enhanced Survivin expression in the tumors. Similarly, the rate of malignant conversion, the fraction of papillomas that evolved to SCC, was also increased. Because malignant conversion of papillomas is thought to be due to new mutations (42), Survivin expression was again associated with the failure of mutant cells to be eliminated ( Figure 6, panel 5) . The association of Survivin expression with heightened tumor progression is consistent with its being a predictor of poor prognosis in many cancers (43) , including SCC (44) .
Clonal expansion steps: p53 mutant clones and papillomas For intermediate sized and large clones which are growing by clonal expansion, clone density was less in K14-Survivin mice than in non-Tg mice. This result implies that although Survivin expression promotes clone formation, it impedes clone expansion. Apoptosis therefore may act to facilitate clonal expansion of apoptosis-resistant mutant clones beyond the initial stem compartment. Whereas the development of a small clone occurs within a single epidermal compartment, the transition from small clones to large clones necessarily involves breaching the barrier presented by adjacent keratinocytes (45) in order to extend into neighboring compartments (24; Figure 6 , panels 2--3). We previously demonstrated that p53 mutant clones cease expanding and regress if UVB exposure is discontinued (24) , indicating that UVB is driving clonal expansion by a physiological mechanism rather than by creating additional mutations. Possible mechanisms for the UVB dependence of clonal expansion include stimulation of keratinocyte growth factors, impaired immunosurveillance or apoptotic removal of neighboring keratinocytes. While sustained UVB exposure stimulates keratinocyte proliferation, resulting in epidermal hyperplasia (19) , this would not be selective for keratinocytes harboring p53 mutations. We recently found that clonal expansion is not altered in immunodeficient mice (46) . The present results support the remaining explanation, with apoptosis induction in adjacent keratinocytes providing space to accommodate an expanding clone ( Figure 6, panels 2--3) . This side-effect of the UVB-induced apoptosis mechanism relies on the apoptosis-resistance phenotype of p53 þ/À mutant cells. It is intriguing to consider the suggestion that dying apoptotic cells may play an active, rather than passive, role in driving clonal expansion. We do not know if the phenomena of compensatory proliferation (47) and super-competition (48,49) described in Drosophila are occurring in our system and have no way to test it directly.
This behavior is consistent with observations in organotypic cultures. Normal human keratinocytes mixed at a ratio of 4:1 (but not 1:1) with cells carrying two mutant p53 alleles and mutant HRAS eliminate the transformed cells by inducing cell cycle arrest and differentiation (50) . Low doses of UVB, however, induce apoptosis and differentiation only in the normal cells, allowing the transformed cells to overtake the culture (50) . In the core of advanced tumors hypoxia induces apoptosis of normal cells but allows p53 mutant cells to increase in number (7) . By comparing several stages of skin tumor development, we were able to test the possibility that, by creating larger clonal targets, such numerical increases can also accelerate the rate at which multistage carcinogenesis transits from one stage to the next.
Papillomas, which result from cycles of clonal expansion and mutation creation, will reflect the sum of Survivin's opposing effects on these processes. The reduced frequency of papillomas in Survivin Tg animals suggests that the negative effect of Survivin on clonal expansion predominated over its promutational activity. The net effect of apoptosis was to favor papilloma growth ( Figure 6, top panel 4) . We found relatively linear relationships between apoptosis, clones and papillomas: a 2-fold reduction in apoptosis induction was associated with 1.5-to 1.8-fold changes in clone density, 2-fold changes in papilloma number and~2-fold changes Under normal conditions (top) UVB induces a p53 mutation in a keratinocyte stem cell, which then populates its own stem cell compartment (black hexagon). Further UVB exposures delete neighboring compartments by apoptosis (white hexagons) and these compartments can become repopulated by mutant cells (third panel). Continued UVB promotes expansion of the premalignant clone. Large clones will become papillomas, and in some papillomas cells acquire additional mutations (stippled black hexagons) that result in conversion to SCC. Under conditions of apoptosis suppression (bottom) resulting from Survivin expression, the creation of initial p53 mutations is enhanced (first panel). However, diminished apoptosis (second panel) impedes clonal expansion resulting in fewer large clones (third panel) and ultimately fewer papillomas. Reduced apoptosis promotes mutations in additional genes, as with p53, and there is enhanced malignant conversion (double arrows) of papillomas to SCC.
Clonal expansion in K14-Survivin mice in rate of SCC conversion. Similar phenomena may account for the reduced tumor yield reported in bcl-2 Tg mice (26) and mice deficient in p53 (27, 28) . Those Tg mice would also be expected to have reduced apoptosis in neighboring keratinocytes that serve as a barrier to clonal expansion. The balance between greater mutant formation and reduced clonal expansion expression could, however, depend on the expression level or timing associated with a particular promoter. For example, expression of Bcl-2 using a different promoter resulted in increased susceptibility to tumorigenesis (51) .
Varying results could also reflect differences in the epidermal compartment targeted (stem cell versus transient amplifying cell). Paradoxical roles of apoptosis have also been observed in other tumor models and clinical studies in patients with cancer (52). In conclusion, our findings of the opposing effects of Survivin expression on tumor formation and malignant conversion suggest that apoptosis functions in these pathways as a double-edged blade: thwarting clone formation and malignant progression but facilitating clonal expansion.
